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The ELC constitutes an essential part of the myosin lever arm structure, but its contractile function is not entirely clear. A wealth of evidence suggests that it may play a role in force development and muscle contraction (17, 24, 36, 40, 54) . The functional importance of myosin ELC in cardiac muscle has emerged through the identification of several mutations in the ELC gene (MYL3) shown to cause familial hypertrophic cardiomyopathy (FHC). FHC is an autosomal dominant disorder, manifested by asymmetric or symmetric cardiac hypertrophy, myofibrillar disarray, and fibrosis (2, 25) . The clinical phenotype is highly variable and ranges from absence of symptoms to rapidly progressive heart failure and/or sudden cardiac death (SCD; Ref. 32) . Notably, FHC has been considered the leading cause of SCD in the young, especially in athletes (33, 47) . Compared with the ␤-MHC or cardiac myosin binding protein-C (cMyBP-C), FHC-linked mutations in the ventricular ELC are rare, but they are also associated with SCD (13, 22, 29, 37, 41, 43, 45) . In this report, we focus on the A57G (alanine to glycine) mutation implicated in malignant FHC outcomes (29) .
To examine the effect of the A57G mutation on heart function, we used our previously generated transgenic (Tg) mice expressing the A57G-ELC mutation (Tg-A57G; Ref. 40) and its effects were compared with those seen in Tg-wild-type (WT) mice expressing the full-length nonmutated human ventricular ELC (24) . Previously performed histological examination of mouse hearts showed that the human phenotype including extensive disorganization of myocytes and interstitial fibrosis could be recapitulated in Tg-A57G mice (40) . At the molecular level, we showed a mutation-mediated increase in fiber stiffness and a concomitant decrease in the interfilament lattice spacing by ϳ1.5 nm compared with Tg-WT mouse papillary muscle fibers (40) . In this report, we followed up on these important structural observations and characterized the function of Tg-A57G mouse myocardium in vitro using myosin and skinned papillary muscle preparations from the hearts of Tg-A57G mice and in vivo by echocardiography and invasive hemodynamics. We also determined the force-pCa rela-tionship in ELC (A57G and WT recombinant proteins)-exchanged ␤-MHC-containing porcine cardiac fibers. Our results from both experimental systems used in this study, transgenic mice and reconstituted porcine muscle preparations, suggest that the key effects of this FHC-causing A57G mutation do not regard to changes in the enzymatic properties of the contractile apparatus of the heart. Rather, the A57G allele may cause FHC by means of a discrete modulation of myofilament Ca 2ϩ sensitivity (increase) and maximal contractile force (decrease) followed by compensatory cardiac hypertrophy and age-dependent morphological abnormalities.
MATERIALS AND METHODS

Transgenic Mice
All animal studies were conducted in accordance with institutional guidelines, and the protocol was reviewed and approved by the Animal Care and Use Committee at the University of Miami Miller School of Medicine (UMMSM). UMMSM has an Animal Welfare Assurance (A-3224-01, effective July 11, 2007) on file with the Office of Laboratory Animal Welfare (OLAW), National Institutes of Health. The generation and characterization of Tg mice used in this study and Tg protein expression profiles have been described earlier by Kazmierczak et al. (24) and by Muthu et al. (40) . Previously produced Tg-WT lines, L1, L3, and L4 expressing 88, 30, and 77% of WT-ELC (UniProtKB: P08590) and Tg-A57G lines, L1, L2, and L5 expressing 80, 55, and 75% of A57G-mutant, respectively, were used in this study. The percentage of protein expression indicates the amount of replacement of the endogenous mouse cardiac ELC by the human ventricular WT (UniProtKB: P08590) or its A57G-mutant. In all experiments, Tg-A57G mice were gender and age matched with Tg-WT.
Histopathology
After euthanasia, the hearts from 6-to 9-mo-old Tg-A57G and Tg-WT mice were excised, weighed, and immersed in 10% buffered formalin. Slides of whole mouse hearts were prepared at the Histology Laboratory (University of Miami Miller School of Medicine, Miami FL). The paraffin-embedded longitudinal sections of whole mouse hearts stained with hematoxylin and eosin (H&E) and Masson's trichrome were examined for overall morphology and fibrosis using a Dialux 20 microscope, ϫ40/0.65 NA (numerical aperture) Leitz Wetzlar objective and an AxioCam HRc (Zeiss) as described previously (24, 40) . Slides with H&E-stained sections from Tg-WT and Tg-A57G mouse hearts were analyzed for the number of nuclei. The nuclei count was taken from 9 -10 segments (segment area of ϳ0.033 mm 2 ) of each slide, averaged, and expressed as number of nuclei per millimeters squared. Twenty segments from Tg-WT and twenty-four from Tg-A57G mouse left ventricles (LV) were analyzed. Slides with Masson's trichrome-stained sections were examined for the degree of fibrosis. Twenty-seven segments from Tg-A57G slides were analyzed using ImageJ software and compared with sixteen segments taken from Tg-WT slides. Fibrotic areas were expressed as percentage of total area analyzed.
Glycerinated Papillary Muscle Preparations
The papillary muscles from the LV of 4-to 6 mo-old Tg-A57G and from 4-to 5 mo-old Tg-WT were isolated, dissected into small muscle bundles, and chemically skinned in 50% glycerol and 50% pCa 8 2Ϫ ], 20 mM MOPS pH 7.0, 15 mM creatine phosphate, and 15 U/ml of phosphocreatine kinase, ionic strength ϭ 150 mM adjusted with KPr} containing 1% Triton X-100 for 24 h at 4°C. Mouse papillary muscle bundles were then transferred to the same solution without Triton X-100 and stored at Ϫ20°C for 5-10 days (23) . Porcine papillary muscle preparations used in ELC-exchanged experiments were prepared according to the same protocol as Tg-mouse muscle bundles and stored at Ϫ20°C up to 6 wk.
Steady-State Force Measurements in Transgenic Mouse Papillary Muscle Strips
Small muscle strips composed of approximately three to six muscle fibers were isolated from a batch of glycerinated skinned mouse papillary muscle bundles and attached by tweezer clips to the force transducer of the Guth Muscle Research System (Heidelberg, Germany). They were placed in a 1-ml cuvette and skinned in 1% Triton X-100 dissolved in pCa 8 buffer for 30 min, as described in Kazmierczak et al. (23) . Muscle strips were then washed three times for 5 min in pCa 8 buffer and tested for steady-state force development in pCa 4 solution (composition is the same as pCa 8 buffer except the [Ca 2ϩ ] ϭ 10 Ϫ4 M). All experiments were carried out at 21°C. Maximal steadystate tension measured in pCa 4 solution was expressed in newtons per cross section of the muscle strip (N/m 2 ; Ref. 38) . The measurement of diameter was taken at approximately three points along the muscle strip length with an SZ6045 Olympus microscope (zoom ratio of 6.3:1, up to 189 ϫ maximum magnification) and averaged (38) . For the measurement of passive tension (in pCa 8 solution) in response to muscle stretch, the muscle strip was first released and stretched until it began generating tension (53) . This point was set as zero for both the passive force and starting length of the muscle. Then, the muscle strip was stretched by 10% of its length ϫ four consecutive times, and the passive tension in kilonewtons per meters squared was determined.
Steady-State Force Measurements in ELC-Exchanged Porcine Cardiac Muscle Preparations
Muscle strips consisting of approximately two to five porcine papillary muscle fibers were isolated from a batch of glycerinated skinned porcine papillary muscle bundles, attached to a force transducer and skinned for 30 min in a 1-ml cuvette in a solution containing pCa 8 buffer and 1% Triton X-100. Muscle strips were then washed three times for 5 min in pCa 8 before undergoing the ELC-protein exchange protocol. The reaction was performed in 200-l solution containing 30 M of recombinant human cardiac ELC-WT or ELC-A57G dissolved in 150 mM KCl, 10 mM KH 2PO4, 10 mM imidazole (pH 6.5), 5 mM Mg-ATP, and 5 mM DTT in the presence of 1 mM TFP for 1 h at 21°C. The ELC exchanged fibers were washed three times for 5 min in pCa 8 buffer and reconstituted with human cardiac myosin RLC and troponin C (TnC) dissolved in 200 l of pCa 8 solution containing 2 mM DTT (final concentration, 15 M RLC and 15 M TnC) for 30 min at 21°C. The latter step was necessary to ensure that muscle strips were fully reconstituted with proteins whose lack could alter the force-pCa relationship. ELC exchanged and RLC/TnC reconstituted preparations were then washed in pCa 8 buffer (3 times for 5 min) and subjected to force measurements.
Ca 2ϩ Dependence of Force Development
After the initial steady-state force was determined, muscle strips (transgenic mouse or porcine reconstituted) were relaxed in pCa 8 buffer and then exposed to solutions of increasing Ca 2ϩ concentrations from pCa 8 to pCa 4 (8) . Steady-state force was measured in each "pCa" solution followed by relaxation in pCa 8 solution. Data were analyzed using the Hill equation (18), where "[Ca 2ϩ ]50 or pCa50" is the free Ca 2ϩ concentration that produces 50% force and "nH" is the Hill coefficient.
Rates of Muscle Relaxation in Tg-A57G and Tg-WT Muscle Strips
To monitor the relaxation rate, a photolabile derivative of BAPTA, Diazo-2 (6-nitro-1-diazo-2-naphthol-4-sulfonic acid), was used. Di-azo-2 is able to rapidly chelate Ca 2ϩ upon photolysis converting from a low affinity (Kd ϭ 2.2 mol/l) to a high affinity (Kd ϭ 0.073 mol/l) for Ca 2ϩ (21) . After testing for steady-state force, muscle strips were immersed in the solution of 2 mM Diazo-2, 0.5 mM CaCl2, 60 mM TES pH 7.0, 5 mM Mg-ATP, 1 mM [Mg 2ϩ ], and 10 mM creatine phosphate along with 15 U/ml creatine phosphokinase, ionic strength ϭ 200 mM. At this ratio of total added Ca 2ϩ to Diazo-2, the resulting average initial force was ϳ80% of the maximal force measured in the pCa 4 solution and the greatest extent of relaxation after photolysis of the Diazo-2 could be achieved. When force reached equilibrium, muscle strips were then exposed to a ultraviolet flash from a Xenon lamp. The photolysis-induced relaxation isotherms were fitted to a single exponential decay equation (Sigma Plot 11.0) yielding the relaxation rates in (s Ϫ1 ) for Tg-A57G vs. Tg-WT mice.
Preparation of Mouse Cardiac Myosin
Myosin was isolated from the left and right ventricles of 4-to 6 mo-old and 10-to 12 mo-old Tg-A57G and Tg-WT mice as described previously (24, 49) . Briefly, after euthanasia, whole hearts were isolated and the atria were removed. Left and right ventricles were flash frozen and stored at Ϫ80°C until processed. The ventricular tissue was later thawed in an ice-cold Guba Straub-type buffer (pH 6.5) consisting of 300 mM NaCl, 100 mM NaH 2PO4, 50 mM Na2HPO4, 1 mM MgCl2, 10 mM EDTA, 0.1% NaN3, 10 mM Na4P2O7, 1 mM DTT, and 1 l/ml protease inhibitor cocktail (SigmaAldrich, St. Louis, MO) in a volume of 0.75 ml buffer per 0.2 g tissue. Ventricles kept on ice were first minced by hand and then homogenized for 2 min at a frequency of 30 Hz in a Mixer-Mill MM301 (Retsch). The homogenate was then incubated on ice for 40 min before centrifugation for 1 h at 200,000 g. The supernatant was then diluted 60-fold (by volume) with 2 mM DTT and incubated on ice for 1 h. The samples were centrifuged again for 10 min at 8,000 g, and the pellets were then resuspended in a minimal volume of buffer containing 0.4 M KCl, 10 mM MOPS (pH 7.0), 5 mM DTT and 1 l/ml protease inhibitor cocktail. Samples were then diluted 1:1 with glycerol, mixed gently, and stored at Ϫ20°C for up to ϳ10 days. On average, one myosin preparation was obtained from a pool of approximately five hearts.
Actin-Activated Myosin ATPase Activity
Myosin used in the ATPase activity assays was purified from the hearts of Tg-A57G and Tg-WT mice as described above. Rabbit skeletal F-actin was prepared according to Kazmierczak et al. (24) . Actin-activated myosin ATPase activity was measured as a function of actin concentration and the data analyzed as described in Kazmierczak et al. (23, 24) . Briefly, 0.5 M myosin dissolved in 0.4 M KCl was added to a 96-well microplate containing increasing concentrations of F-actin (in M): 0.1, 0.5, 1.5, 3.0, 5, 7.5, 10, and 15. The assay was performed in a final volume of 120 l in a buffer consisting of 25 mM imidazole pH 7.0, 4 mM MgCl 2, 1 mM EGTA, and 1 mM DTT. The final KCl concentration was 77.7 mM. Protein mixtures were first incubated on ice for 10 min and then for another 10 min at 30°C. The reactions (run in triplicate) were initiated with the addition of 2.5 mM ATP with mixing in a Jitterbug incubator shaker (Boekel), allowed to proceed for 15 min at 30°C, and then terminated by the addition of 5% trichloroacetic acid. Precipitated proteins were cleared by centrifugation, and the inorganic phosphate was determined as described in Fiske and Subbarow (9) . Data were analyzed using the Michaelis-Menten equation yielding V max and Km (16, 51) .
Binding of Mouse-Purified Cardiac Myosin to Pyrene-Labeled F-Actin
Rabbit skeletal actin was labeled with pyrene iodoacetamide (Invitrogen/Molecular Probes) as described previously (23) . Pyrenelabeled F-actin (at 0.5 M), stabilized by 0.5 M phalloidin, was titrated with increasing concentrations of mouse-purified Tg-A57G and Tg-WT myosins. Experiments were done in a 2-ml cuvette in a buffer containing 0.4 M KCl and 10 mM MOPS pH 7.0. Quenching of pyrene fluorescence of actin on myosin binding was monitored using a JASCO 6500 Fluorometer (Jasco), with excitation at 340 nm and emission at 407-409 nm. Titration profiles were analyzed with the nonlinear binding model as described in Kazmierczak et al. (23) . In another set of experiments, dissociation of Tg-A57G vs. Tg-WT myosin from actin upon addition of AMP-PNP (adenylyl-imidodiphosphate; Roche) was monitored. Pyrene-labeled F-actin (0.5 M) was complexed with 0.5 M Tg-A57G or Tg-WT myosin in a 2-ml cuvette in a buffer containing 0.4 M KCl, 2 mM MgCl 2, and 10 mM MOPS pH 7.0. Protein mixtures were incubated for 15 min (in the dark) at 21°C and then exposed to increasing concentrations of AMP-PNP from 0 to 100 M. The recovery of pyrene fluorescence, due to AMP-PNP-induced dissociation of myosin from actin, was monitored at 407-409 nm with excitation wavelength of 340 nm. The dissociation isotherms were analyzed as described in Muthu et al. (40) and Kazmierczak et al. (23) .
Fast Kinetic Experiments
Tg-A57G or Tg-WT myosins at 0.25 M were mixed with 0.25 M pyrene-labeled F-actin (stabilized by 0.25 M phalloidin) in rigor buffer containing 0.4 M KCl, 1 mM DTT, and 10 mM MOPS pH 7.0. The complexes were mixed in a 1:1 ratio (vol/vol) with varying concentrations of Mg-ATP (10 -80 M) dissolved in the same buffer, and the dissociation of Tg-A57G vs. Tg-WT myosin from F-actin was observed by monitoring the time course of the change in pyrene fluorescence. Measurements were performed at 21°C using a BioLogic (Claix, France) model SFM-20 stopped-flow instrument outfitted with a Berger ball mixer and an FC-20 observation cuvette. The data were collected and digitized using a JASCO 6500 Fluorometer. The estimated dead time was 8.2 ms. The pyrene-F-actin was excited at 347 nm, and emission was monitored at 404 nm using monochromators set to 20-nm bandwidths. Typically, 5-13 stopped-flow records were averaged and fit to a single exponential equation to obtain the rate of a given Mg-ATP concentration. A plot of the observed myosin dissociation rates as a function of [Mg-ATP] was linear and the slope corresponded to the rate constant expressed in M Ϫ1 ·s Ϫ1 .
SDS-PAGE Analysis of MHC-Isoform Expression in Myosin Preparations from Tg Mice
Preparations of cardiac myosin were tested for their MHC-isoform expression using SDS-PAGE (56) . Briefly, myosin was dissolved in 0.4 M KCl, 10 mM MOPS pH 7, and 1 mM DTT and protein concentration was determined using Coomassie Plus reagent (Pierce). Myosin samples were mixed at 1:1 (vol/vol) ratio with Laemmli buffer (62.5 mM Tris·HCl pH 6.8, 25% glycerol, 2% SDS, and 0.01% bromophenol blue and 5% ␤-ME), heated, and loaded at 0.3 or 1.3 g/lane and run on SDS-5% PAGE for ϳ6 h at constant voltage of 70 V at 4°C. Bands were visualized by Coomassie blue G-250 or silver staining. Myosin ELC and RLC were used as loading controls and visualized on SDS-15% PAGE by silver staining or by Western blotting with protein specific antibodies (24) .
Gene Expression Analysis Using Real-Time PCR in Mouse Cardiac Extracts from Tg Mice
Total RNA was isolated from ventricles of 4-to 6 mo-old (depicted "young") and 11-to 12-mo-old (depicted "old") Tg-A57G, Tg-WT, and nontransgenic (NTg) mice as described previously (24) and converted to a double stranded cDNA using Random Primers and a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Reverse transcription was performed in the MJ Research PTC-200 instrument according to the manufacturer's protocols. Quantitative PCR was conducted using SYBR Green I chemistry with gene-specific Quantitect Primer Sets (Qiagen) for murine Myl4 (myosin ELC atrial, NCBI accession no. NM_010858), Myh6 (cardiac ␣-myosin heavy chain, NCBI accession no. NM_010856) and Myh7 (cardiac ␤-myosin heavy chain, NCBI accession no. NM_080728) (24) . Quantum RNA 18S internal standards (Ambion) and Power Sybr Green PCR Master-Mix (Applied Biosystems) were used according to manufacturer's protocols. All reactions were performed in triplicate and run using Bio-Rad iQ5 Multicolor Real-Time PCR Detection System with the following cycle parameters: cycle of 50°C (2 min) followed by 95°C (10 min), 40 cycles of 95°C (15 s) followed by 60°C (1 min). Raw data were analyzed using the Sequence Detection Software (ABI), and fold change in expression of each gene was calculated using the relative quantification ⌬⌬C t method with the levels of 18S ribosomal RNA as the normalizer gene (24) .
Assessment of Protein Phosphorylation in Mouse Cardiac Myofibrils
After euthanasia, the hearts from ϳ6-mo-old NTg, Tg-WT, and Tg-A57G mice were immediately isolated and frozen in liquid nitrogen. Before the experiment, the tissue was thawed in the CMF (cardiac myofibril) buffer consisting of 5 mM NaH2PO4, 5 mM Na2HPO4 (pH 7.0), 0.1 mM NaCl, 5 mM MgCl2, 0.5 mM EGTA, 5 mM ATP, 5 nM microcystin, 0.1% Triton X-100, 20 mM NaF (phosphatase inhibitor), 5 mM DTT, and 1 l/ml protease inhibitor cocktail. The tissue was then homogenized in a Mixer-Mill MM301 until homogenous. The homogenate was then centrifuged for 4 min at 8,000 g, and the supernatant was discarded. After centrifugation, the pellets were left on ice for 4 min. This step was repeated three times until the pellet turned white. The pellets were then resuspended in the CMF buffer and the myofibrils were subsequently dissolved in SDS-PAGE sample buffer, and loaded on 12% SDS-PAGE. Phosphorylation of troponin (TnT, TnI) and myosin RLC was determined using Pro-Q Diamond phosphoprotein gel stain reagent (Invitrogen) as described in the manufacturer's manual. The total protein was further detected in the same gel using the SYPRO Ruby protein gel stain (Invitrogen). A transilluminator was used to view, image and photograph the gel and the band intensities were quantified using the ImageJ software.
In Vivo Studies
Echocardiography and invasive hemodynamics studies were performed on 6-to 7-mo-old male and female Tg-A57G mice, and the results were compared with those obtained for 5-to 7-mo-old Tg-WT mice. If no sex-dependent differences were noted, the results were pooled.
Echocardiography
In vivo cardiac morphology and function in Tg-A57G and Tg-WT mice were assessed with a Vevo-770 imaging system (Visual Sonics, Toronto, ON, Canada) equipped with 17.5 MHz transducer. Heart images were recorded from mice under isoflurane inhalation anesthesia (1-2%) when heart rates (Ͼ500 beats/min) and body temperature (37 Ϯ 1°C) were controlled. Parameters of the heart structure and function were saved as M-mode and B-mode images, and all images were analyzed using Vevo 770 3.0.0 software (Visual Sonics). Determined parameters included the following: LV end-diastolic (d) and end-systolic (s) dimensions: LV posterior wall (LVPW d, LVPWs) and anterior wall (LVAWd, LVAWs). LV end-diastolic and end-systolic endocardial volumes (LVVd, LVVs) and ejection fraction (EF) were calculated from bidimensional long-axis parasternal views.
Hemodynamic Measurements
Mice were anesthetized in a chamber saturated with isoflurane and transferred to a surgical bench where anesthesia was maintained with 1-2% isoflurane, and the body temperature controlled at 37 Ϯ 1°C.
During all procedures, a 6% albumin solution was infused into the jugular vein at the rate of 5 l/min. The micro-tip catheter transducer (SPR-839; Millar Instruments, Houston, TX) was introduced into the LV through the right carotid. The LV pressure-volume loops were recorded at steady state and during inferior vena cava occlusion. The volume calibration was done using echocardiographic measurements: end-diastolic volume (EDV) and stroke volume (SV). Cardiac preload was indexed as the EDV and end-diastolic pressure (EDP). Cardiac afterload was evaluated as effective arterial elastance (E a): ESP/SV. Myocardial contractility was indexed by the peak rate of rise in LV pressure (dP/dtmax) and the load-independent end-systolic elastance (Ees), which is the slope of the end-systolic pressure-volume relationship (ESPVR). Diastolic performance was measured by the peak rate of LV relaxation, ϪdP/dtmin, and the time constant of ventricular relaxation (tau).
Statistical Analysis
All values are shown as means Ϯ SE. Statistically significant differences between two groups of mice (WT and A57G) were determined using an unpaired Student's t-test (Sigma Plot 11; Systat Software, San Jose, CA), with significance defined as P Ͻ 0.05. Comparisons between multiple groups were performed using one-way ANOVA or ANOVA for repeated measures. In vivo tests were analyzed using GraphPad Prism software (San Diego, CA) version 5.0 for Windows.
RESULTS
Previously generated transgenic mice (24, 40) , expressing the A57G-mutated or WT human ventricular ELC, were used to characterize the functional consequences of the FHC-linked Ala ¡ Gly (A57G) ELC mutation in vitro and in vivo. In all experiments, the results obtained on mouse cardiac preparations from Tg-A57G mice were compared with those obtained on age-and sex-matched Tg-WT mice. As we showed previously there were no functional differences between different lines of Tg-WT and between Tg-WT and NTg littermates (24) ; therefore, NTg mice were not included in functional studies but were included in transcript analysis and SDS-PAGE experiments.
Assessment of Cardiac Hypertrophy and Morphology in Tg Mice
Representative H&E-and Masson's trichrome-stained LV sections from Tg-A57G and Tg-WT mouse hearts are presented in Fig. 1A . The heart tissue morphology pictured in the H&E stained sections showed no mutation-induced abnormalities, but the lower nuclei count revealed cardiac hypertrophy in the hearts of Tg-A57G mice compared with Tg-WT (Fig.  1B, left) . A decreased number of nuclei indicated an increase in the two-dimensional size of Tg-A57G myocytes compared with the two-dimensional images of myocytes from Tg-WT. Notably, as demonstrated in Fig. 1A , bottom, and Fig. 1B , right, the hearts of Tg-A57G mice manifested severe fibrosis, an inherent feature of FHC, in animals as young as 6 mo of age. Histopathology data collected in this study are in accord with those observed previously and obtained on older (ϳ12 mo of age) animals (40) . The heart weight-to-body weight ratio (HW/BW ϫ 1,000) was determined for male and female Tg-A57G vs. Tg-WT mice of various ages. Significantly higher values were noted for the mutant mice (5.4 Ϯ 0.2, n ϭ 33) compared with Tg-WT controls (4.8 Ϯ 0.2; n ϭ 42; P Ͻ 0.05), supporting the hypertrophic phenotype in Tg-A57G mice.
Compared with previously reported data on HW/BW for Tg-A57G vs. Tg-WT mice showing no statistical significance (40), the current study used a 2.2-fold larger sample size for Tg-WT and 3.3-fold for Tg-A57G. Noteworthy, while the HW/BW ratio for Tg-WT remained the same in this report as in (40) , it increased in Tg-A57G mice.
Functional Consequences of the A57G Mutation Determined in Transgenic Cardiac Muscle Preparations
Force and kinetic measurements in skinned mouse papillary muscle strips. Measurements of steady-state force generation and muscle relaxation rates were performed on skinned papillary muscle strips from age-and gender-matched Tg-A57G vs. Tg-WT mice. Five to eight mice per group were used with each ventricle yielding six to nine papillary muscle strips that were subjected to mechanic measurements. A large (20 -35%) decrease in maximal tension per cross section of muscle strip was observed in all tested lines of Tg-A57G mice compared with age and gender matched Tg-WT mice ( Fig. 2A) . The values of maximal force in kilonewtons per meters squared, and the number of all tested fibers are listed in the Fig. 2A legend. Particularly, the A57G L2 expressing 55% of transgene displayed the lowest level of force (38.21 Ϯ 1.49 kN/m 2 ; n ϭ 15) among all mutant lines, which was decreased by ϳ35% compared with Tg-WT mice (59.00 Ϯ 1.31 kN/m 2 ; n ϭ 23). The A57G mutation also affected the Ca 2ϩ sensitivity of force, and a small (⌬pCa 50 ϳ0.07) but significant (P Ͻ 0.05) increase in the Ca 2ϩ sensitivity of force was observed between Tg-A57G animals compared with Tg-WT (Fig. 2B) . No change in the Hill coefficient of the force-pCa dependence was noted between all groups of mice (n H ϭ 3.9 Ϯ 0.3).
Since our previous mechanical study demonstrated a significantly increased rigor stiffness in Tg-A57G vs. Tg-WT mice (40), we then pursued measurements of passive tension (in pCa 8 solution) in response to fiber stretch (Fig. 2C) . As demonstrated, the level of passive tension was significantly increased in Tg-A57G strips compared with Tg-WT (P Ͻ 0.001), suggesting higher stiffness (increased resistance to stretch) in Tg-A57G myocardium. It is important to note that the mutation did not cause any differences in the resting length of the muscle strip allowing for direct comparison of the effects elicited by Tg-A57G and Tg-WT in response to stretch (40) . After steadystate characterization, we then examined the effect of the A57G mutation on the kinetics of muscle relaxation using Diazo-2, a chelator of Ca 2ϩ upon photolysis (Fig. 2D) . A small (but not significant) decrease (by ϳ8%) in the rate of force relaxation was observed in Tg-A57G preparations compared with Tg-WT (Fig. 2D) .
Actin-activated myosin ATPase activity. Two age groups of mice were used to obtain myosin from Tg-A57G and Tg-WT mice (see MATERIALS AND METHODS). No age-dependent differences within each group were noted in solution experiments using various batches of myosin (data not shown). The steadystate actin-activated myosin ATPase activity was determined as a function of increasing F-actin concentrations using myosin purified from the hearts of Tg-A57G and Tg-WT mice. The Steady-state binding/dissociation of mouse myosins to F-actin. The effect of A57G on the binding of myosin to F-actin was examined using a fluorescence-based assay as described in our recent publications (23, 31) . Two to three different preparations of myosin were used and the assay was performed in triplicate. The fluorescence of pyrene-labeled F-actin was quenched in response to the binding of myosin Tg-WT papillary muscle strips assessed with Diazo-2. A mutation-induced 8% decrease in relaxation rates was observed, but the difference between relaxation kinetics in Tg-A57G and Tg-WT mice was not statistically significant (P Ͼ 0.05). The animals used were as follows: A and B: 3 lines of ϳ5-mo-old female Tg-A57G (L1, L5, and L2) and Tg-WT L4; C: ϳ6.5-mo-old female Tg-A57G L1 and Tg-WTL1; and D: ϳ4-mo-old male Tg-A57G L1 and Tg-WT L1 mice.
heads. The experimental points were fitted to a nonlinear binding model as described previously (23, 31) , yielding apparent dissociation constants, K d ϭ 16.8 Ϯ 0.01 nM (n ϭ 3) for Tg-A57G myosin and K d ϭ 11.8 Ϯ 0.01 nM (n ϭ 2) for Tg-WT myosin. The binding of myosin to actin under rigor (no nucleotide) conditions was strong and the binding isotherms basically overlapped (not shown). We then studied the effect of A57G on the dissociation profile of Tg-A57G myosin from pyrene-labeled F-actin on the addition of nonhydrolysable ATP analog, AMP-PNP. Upon nucleotide addition and the dissociation of Tg myosin from F-actin, the intensity of pyrene fluorescence increased. Similar to the binding in rigor, the results showed no difference in the dissociation profiles of Tg-A57G (K d ϭ 6.4 Ϯ 6.0 M; n ϭ 4) and/or Tg-WT (K d ϭ 6.8 Ϯ 3.4 M, n ϭ 4) myosin from F-actin, plotted as a function of increasing concentrations of AMP-PNP (not shown).
Stopped flow kinetics of acto-myosin interaction. To further examine the effect of A57G on the interaction of myosin with actin, we measured the dissociation rates (k obs ) of Tg-A57G vs. Tg-WT myosin bound to pyrene-labeled F-actin (Fig. 3) . The time course of the change in pyrene fluorescence was monitored as a function of ATP concentrations. Myosins were stoichiometrically mixed with pyrene-F-actin (2 heads of myosin per actin monomer), and the complexes were mixed in a 1:1 volume ratio with increasing concentrations of Mg-ATP (10 -80 M) in a stopped flow apparatus. An increase in the fluorescence intensity was monitored as a function of time as the myosin heads dissociated from pyrene-F-actin on the addition of Mg-ATP. The representative time-dependent dissociation profiles for Tg-WT and Tg-A57G myosins are presented in Fig. 3, A and B , respectively. The observed dissociation rates (k obs ) derived from the averaged fluorescence traces and fitted with a single exponential are presented in Table 1 . The results revealed significant differences in k obs between Tg-A57G and Tg-WT myosin for 10, 40, and 60 M Mg-ATP (Table 1) (Fig. 3C ) indicating no overall effect of the A57G mutation on the rate of myosin cross-bridge dissociation from actin.
Effect of A57G on MHC Isoform Expression and Myofilament Protein Phosphorylation in Tg Cardiac Myofibrils
Considering that the MHC isoform switch (␣ to ␤) can significantly impact myosin cross-bridge kinetics (50) , and especially muscle relaxation (7, 10, 19), we examined an age-dependent MHC expression profile in myosin purified from young and old Tg-A57G and Tg-WT mice. This experiment was also important considering that pathologic hypertrophy is often indicated by an upregulation of the ␤-MHC isoform (30) . As shown in Fig. 4A , no significant changes in the ␣-MHC protein expression profile were detected in any of tested myosin preparations from Tg-A57G and Tg-WT mice. A visible separation of the ␣-vs. ␤ -MHC isoforms was achieved in the mixtures of ␣-containing NTg myosin with ␤-porcine myosin (Fig. 4A, lanes 1-3) . To increase detection of MHC Table 1 .
isoforms, two different loading amounts (0.3 and 1.3 g per lane) of myosin purified from the hearts of young and old Tg-A57G and Tg-WT mice were used (56) . However, no double bands containing both the ␣-and ␤-MHC were observed in any tested transgenic myosins. Assessment of MHC band intensity corrected for loading showed a slight increase in the MHC band intensity in the older animals but the differences were not statistically significant (Fig. 4B) . To further explore the possibility of an age-or disease-causing mutation-dependent upregulation of the ␤-MHC isoform, we pursued gene expression profiling in heart tissue from 4-to 6 mo-old (depicted as young) and 11-to 12 mo-old (depicted as old) Tg-A57G, Tg-WT, and NTg mice using a real-time quantitative PCR technique (24) . Compared with NTg mice, ϳ2.4-and ϳ4.6-fold upregulation of the ␤-MHC in the hearts of Tg-A57G young and Tg-WT young , respectively, was observed, but the difference was only statistically significant for Tg-WT young mice ( Table 2 ). Older animals showed ϳ0.5-and ϳ0.1-fold downregulation of the ␤-MHC in Tg-A57G old and Tg-WT old mice compared with age-matched NTg old mice (Table 2) . Interestingly, there was a fivefold upregulation of the ␤-MHC in the hearts of old vs. young NTg mice showing an agedependent effect. In addition, we also observed a significant upregulation of the ␣-MHC in the young group of the mutant and WT mice compared with NTg (Table 1) . Noteworthy, similar to what was observed at the protein level (Fig. 4A) , we Bottom: note that all transgenic animals expressed the atrial ELC isoform in their ventricles. Gel migration of ELC isoforms was according to their molecular mass: mouse ventricular Ͼ mouse atrial Ͼ porcine Ͼ human transgenic. B: assessment of MHC band intensities in SDS-5% PAGE. Data are derived from 16 SDS-5% PAGE gels ran in parallel with Coomassie-or silver-stained SDS-15% PAGE gels to correct for loading with respect to ELC, RLC, and actin. In addition ELC and RLC, loading controls were Western blotted and visualized with protein specific antibodies (24). On average 90 -100 determinations of each MHC band in Tg-A57G and Tg-WT myosins were performed (a.u., arbitrary units).
found a significant upregulation of the atrial myosin ELC, another hypertrophic marker, in the young group of experimental mice (Table 2) . To test whether the A57G mutation in myosin ELC had any effect on phosphorylation of other sarcomeric proteins, we examined endogenous phosphorylation of troponin (TnT, TnI) and myosin RLC in Tg-WT and Tg-A57G mouse cardiac myofibrils using the Pro-Q Diamond-SYPRO Ruby system, designed to quantitatively assess sarcomeric protein phosphorylation. NTg myofibrils were used as controls. As demonstrated in Fig. 5, A-D , the A57G mutation produced no changes in phosphorylation of TnT, TnI, or RLC compared with NTg preparations. Band intensities of the ProQ Diamondstained gels demonstrating the extent of protein phosphorylation (Fig. 5A) were normalized for protein loading detected with SYPRO Ruby (Fig. 5B) or Coomassie (Fig. 5C ) stained TnT, TnI, or RLC protein bands. Three sets of preparations were run on multiple Pro-Q and SYPRO gels, and the band intensities were averaged. We also tested the potential effect of the A57G mutation on MyBP-C phosphorylation using a 4 -15% gel gradient allowing visualization of MyBP-C, and no any changes between Tg-A57G vs. Tg-WT preparations were noted (data not shown).
Functional Effects of A57G Assessed in Recombinant Protein A57G-or WT-Exchanged Porcine Cardiac Muscle Preparations
ELC-exchanged porcine papillary muscle strips. To assess the effect of A57G mutation on force generation in ␤-MHCcontaining porcine papillary muscle strips, we replaced the endogenous ELC protein with A57G or WT using an ELCexchange protocol, shown schematically in Fig. 6A . This experiment was critical to assure that the effect of FHC-linked mutation can be examined in the background of ␤-MHC, the isoform of cardiac MHC (MYH7) that is observed in humans. Following ELC-protein exchange, porcine papillary muscle strips were subsequently reconstituted with exogenous TnC and RLC to secure the functionality of the reconstituted system (Fig. 6A) . As shown in Fig. 6B , the amino acid sequence of porcine ventricular ELC (UniProtKB: F1SNW4) is 95% identical to the human ELC, especially in the vicinity of the A57G mutation. Unexpectedly, there was a difference in the level of A57G vs. WT reconstitution assessed in 7 individual exchange experiments showing a 1.6-fold higher yield for the mutant (Fig. 6C) . The extent of A57G-exchange in porcine strips was in accord with the degree of A57G-exchange observed previously in porcine myosin (40) , but WT-exchange efficiency was lower in porcine muscle strips (Fig. 6D, inset) compared with myosin (40) .
Ca 2ϩ sensitivity of force in ELC-exchanged porcine papillary muscle strips. Similar to the results observed for Tg mouse papillary muscle strips, the Ca 2ϩ sensitivity of force in A57G-exchanged porcine strips was increased compared with WTexchanged muscles (Fig. 6D) . The pCa 50 . Steady-state force measurements in skinned porcine papillary muscle fibers reconstituted with recombinant human cardiac ELC-WT or ELC-A57G mutant proteins. A: schematic representation of the force-pCa experimental protocol: 1) exchange process of recombinant ELC-WT or ELC-A57G mutant proteins for endogenous porcine cardiac ELC; 2) restoration of maximal pCa 4 developed force; and 3) assessment of the force-pCa relationship before and after ELC-exchange. B: ventricular ELC protein sequences: human (UniProtKB: P08590) and porcine (UniProtKB: F1SNW4). The Ala residue that is mutated to Gly in FHC is bolded and underlined. Amino acid differences between porcine and human ELC are highlighted in gray. C: extent of ELC protein replacement (exogenous for endogenous) in porcine papillary muscle strips. Note that A57G was more efficient in exchanging the endogenous porcine ELC protein than WT. D: force-pCa relationship assessed in ELC-exchanged porcine cardiac muscle strips. Note the leftward shift by ⌬pCa50 ϭ 0.11 in A57G-exchanged preparations compared with WT-exchanged fibers. Inset: representative SDS-PAGE of control (lane 1), WT-reconstituted (lane 2), and A57G-reconstituted (lane 3) porcine papillary muscle strips. ELCmut, human cardiac ELC (WT or A57G)-exchanged muscle strips. pCa 50 ϭ 5.64 Ϯ 0.01 (n ϭ 9). A slight but not significant decrease in maximal (pCa 4) force was also noted in A57G-exchanged (30.6 Ϯ 1.2 kN/m 2 ) vs. WT-exchanged (32.4 Ϯ 2.1 kN/m 2 ) porcine cardiac muscle strips. These changes are not likely to be due to a higher level of reconstitution with A57G vs. WT proteins, as the same increase in the Ca 2ϩ sensitivity of force was observed in transgenic preparations expressing similar amounts of human ventricular ELC (WT or A57G) protein in mice.
In Vivo Measurements in Tg-A57G and Tg-WT Mice
Echocardiographic characterization of Tg mice. Baseline echocardiography documented similar parameters of LVPW and LVAW wall dimensions in diastole and systole in Tg-A57G and Tg-WT mice (Table 3) . However, LV volumes in diastole and systole were significantly larger in Tg-A57G mice, indicating a mutation-induced chamber enlargement and the development of eccentric hypertrophy in Tg-A57G mice (Table 3).
Impact of A57G on cardiac performance in vivo. Table 4 summarizes the analyses of hemodynamic parameters derived from pressure volume loops at a steady state and following the inferior vena cava occlusion. The concentration of the anesthetic (1-2% isoflurane) was controlled to maintain the same heart rates in both groups of mice (Tg-A57G and Tg-WT). Load-dependent parameters of systolic function such as stroke work (SW), stroke volume (SV), and cardiac output were significantly increased in Tg-A57G mice compared with Tg-WT (Table 4) . However, EF and cardiac efficiency were decreased in Tg-A57G vs. Tg-WT mice, but the differences between the groups were not statistically significant (Table 4) . Consistently with the relationship between the LV filling volume, which produces the stretch of the heart fibers and a subsequent contraction of the next cycle, we observed increased LVEDV with higher LVESP in Tg-A57G mice compared with Tg-WT (Table 4 ). These data suggest higher heart contractility in Tg-A57G mice, which is in agreement with higher E es , a parameter analyzed during inferior vena cava occlusion. Representative LV pressure-volume loops recorded during the inferior vena cava occlusion are presented in Fig. 7 . The load-independent end-systolic elastance, E es , defined as the slope of the ESPVR was higher in Tg-A57G vs. Tg-WT mice (Fig. 7) . The time constant of ventricular relaxation tau (in ms) was twofold faster in Tg-A57G mice, but the difference compared with Tg-WT did not reach statistical significance (Table 4) . Because end-systolic pressure was higher in Tg-A57G (104.7 Ϯ 2.9 mmHg) vs. Tg-WT (91.4 Ϯ 4.0 mmHg) mice (Table 4) , tau was expected to be faster in the mutant mice. These changes were most likely associated with the type of cardiac remodeling observed in Tg-A57G animals manifested by eccentric hypertrophy and sphericalization of the LV leading toward systolic dysfunction.
DISCUSSION
Research interests in the ELC of myosin as a potential regulator of cardiac muscle contraction have been high since the discovery of several FHC-associated mutations in the MYL3 gene that encodes for the ventricular myosin ELC (13, 22, 29, 37, 41, 43, 45) . Compared with the ␤-MHC, genetic mutations in the ELC are rare but they are also associated with malignant outcomes (3, 13, 17, 29, 42) . In this report we followed up on our structural observations associated with the alanine to glycine mutation occurring at residue 57 of the human ventricular ELC shown to cause hypertrophic cardiomyopathy and SCD (29) . Our previous study demonstrated a mutation-induced decrease in the interfilament lattice spacing and increased rigor stiffness in skinned papillary muscles from Tg-A57G mice compared with Tg-WT controls (40) . In the current report, we studied the effect of the A57G mutation on contractile force, muscle relaxation, and myofilament Ca 2ϩ sensitivity in skinned cardiac papillary muscle strips and in vivo by echocardiography and invasive hemodynamics. We present evidence for the mutant-elicited alterations in contractile function in Tg-A57G animals compared with Tg-WT controls. Values are means Ϯ SE. PV, pressure-volume; EF, ejection fraction; SW, stroke work; SV, stroke volume; CO, cardiac output; CE, cardiac efficiency calculated as SW/PV area; LVESV and LVESP, LV-end systolic volume and pressure, respectively; Ea, arterial elastance: ratio of LV-end systolic pressure to stroke volume (ESP/SV); LVEDV and LVEDP, LV-end diastolic volume and pressure; dP/dtmax, the peak rate of rise in LV pressure; Ees, measure of myocardial contractility defined by the slope of the end-systolic pressurevolume relationship; tau, isovolumic relaxation constant.
Molecular Mechanisms of the A57G Mutation Studied in Mouse and Porcine Papillary Muscle Strips and in Solution by Stopped Flow Kinetics and Binding Profiles
This study is the first to provide insight into the structurefunction relationship of a disease-causing mutation in the myosin ELC assessed in vitro and in vivo. Consistent with other malignant FHC-mutations, but in the myosin RLC that we have studied to date (26, 48, 55) , an increase in the Ca 2ϩ sensitivity of force and a decrease in maximal tension were also determined in skinned papillary muscle strips from Tg-A57G mice. Other common abnormalities observed in these RLC and ELC animal models of FHC included cardiac hypertrophy, abnormal myocardial appearance, fiber disarray, and increased loose connective tissue and fibrosis, all thought to affect contractile force and cardiac performance (26, 40, 55) .
Despite significant progress in unraveling the genetic basis of hypertrophic cardiomyopathy, there is still limited understanding of the molecular events and signaling pathways associated with sarcomeric mutations and their clinical FHC phenotypes. Initially, impaired myofilament contractile function was suggested to be the most important mechanism, accounting for compensatory hypertrophy and diastolic dysfunction forming two of the hallmarks of the clinical FHC phenotype (12) . Diastolic dysfunction was evidenced in our murine RLC models of FHC, and the observed changes in mice correlated with the malignant outcomes in humans (1, 55) . As monitored in Tg-RLC mouse preparations, the impaired muscle relaxation that is likely responsible for the diastolic dysfunction was paralleled by decreased rates of crossbridge attachment and dissociation (1, 5, 26, 35, 39) .
Unlike in FHC-RLC mice, in this report we did not observe any significant changes in the rates of muscle relaxation in Tg-A57G compared with Tg-WT animals (Fig. 2D) . In fact, the Mg-ATP binding rates (k obs ), measured in the stopped-flow assay, were significantly faster in A57G compared with WT at 10, 40, and 60 M ATP, suggesting that under these conditions the myosin cross bridges detach quicker in the A57G mutant than in WT (Table 1) . However, no difference was noted in the effective second-order ATP binding rate (Fig. 3C) , indicating no overall effect of the A57G mutation on the rate of myosin cross-bridge dissociation. No diastolic dysfunction was also monitored in Tg-A57G mice in vivo (Table 4 and Fig. 7) . Future studies using Doppler ultrasound examination, as demonstrated for our Tg-RLC models (1) , are necessary to conclude on the effect of A57G on diastolic function in mice.
Several additional molecular mechanisms have been proposed that might explain some of the clinical and pathological manifestations of FHC, including perturbations in calcium cycling and myofibrillar Ca 2ϩ sensitization potentially leading to cardiac arrhythmias (4). Our current results on A57G papillary muscle fibers, showing a mutation-induced increase in myofilament Ca 2ϩ sensitivity, support the hypothesis that the A57G -mediated sensitization to calcium (Figs. 2B and 6D) may be the primary sarcomeric mechanism leading to the pathologic cardiac remodeling. As we predicted earlier, the A57G mutation is anticipated to influence the local conformation of the ELC and interfere with the function of myosin lever arm to produce force (40) . Considering its Ca 2ϩ -sensitizing effect on muscle contraction, it is likely that the A57G mutated N-terminal-ELC extension can directly communicate with the actin-Tm-Tn regulatory system (24, 36) . Noteworthy, in agreement with the model of Ca 2ϩ -dependent regulation of contraction proposed by McKillop and Geeves (34), we showed that myosin cross bridges can directly affect the Ca 2ϩ -dependent regulation of force development in the heart (15) .
Clinical data indicate that fibrosis, a secondary phenomenon indicative of myocardial damage, may be inherent to FHC disease (12) . As we observed in this study, the hearts of Tg-A57G mice manifested substantial fibrosis most likely due to accumulation of collagen aggregates (Fig. 1) . In support of this, passive tension/ stiffness was increased in Tg-A57G fibers compared with Tg-WT (Fig. 2C) . This result conforms to our earlier observations of increased stiffness in Tg-A57G myocardium (40) leading us to the conclusion that increased myocardial stiffness and fibrosis are intrinsic mechanisms of A57G-mediated cardiac disease.
Mutant-Induced Ventricular Remodeling in Tg-A57G Mice
Characteristic pathologic features of FHC include asymmetric or symmetric cardiac hypertrophy, fibrosis, and cardiomyocyte disarray (12) . Measurements of the HW/BW ratios in transgenic mice showed significantly larger values in Tg-A57G compared with Tg-WT mice confirming a mutation-induced hypertrophic phenotype. Consistent with this observation, mutant animals demonstrated larger LV cavity size during diastole and systole without any differences in the anterior and posterior wall thickness suggesting a phenotype of eccentric hypertrophy in Tg-A57G-mutated mice (Table 3 ). Higher LVEDV values with no changes in LVESV resulted in elevated blood ejection during ventricular contraction. These data were confirmed by hemodynamic analyses showing higher stroke volume in Tg-A57G mice compared with controls, which ultimately resulted in increased cardiac output (Table 4) . End systolic elastance or the slope of the ESPVR was higher in Tg-A57G compared with Tg-WT mice indicating enhanced contractility. As shown by the Borlaug and Kass (6), E es is a Fig. 7 . Invasive hemodynamic measurements in Tg-A57G vs. Tg-WT mice. Representative left ventricular pressure-volume loops recorded during the inferior vena cava occlusion. The load-independent end-systolic elastance, Ees (marked with black thick line), was defined as the slope of the end-systolic pressure-volume relationship. Note higher Ees monitored in Tg-A57G compared with Tg-WT mice. measure of contractility, but it is also influenced by chamber geometry and passive myocardial stiffening. The authors noted that ventricular and arterial stiffening are common in heart failure patients whose systolic function is preserved (6) . Passive tension was enhanced in Tg-A57G mice compared with Tg-WT controls (Fig. 2C) suggesting its possible contribution to the observed changes in E es . Increased E es was paralleled by a decrease in cardiac efficiency in the mutant mice, but the differences between the groups were not statistically significant (Table 4) . Hence, the pathogenic mechanisms inherent to the A57G myocardium include its compromised contractile function at the level of sarcomeres, compensatory hypertrophy, and the altered contractility of the heart.
As demonstrated by Lee et al. (29) , occurrences of SCD were reported in family members carrying the A57G mutation. However, it is not uncommon that hypertrophic cardiomyopathy patients have normal systolic function and yet may die suddenly. In fact, significantly higher end-systolic pressure monitored in Tg-A57G vs. Tg-WT mice (Table 4 ) and a faster relaxation parameter tau suggest that A57G-induced cardiac remodeling may result in eccentric hypertrophy and sphericalization of the LV, both indicative of potential systolic dysfunction. Therefore, it is possible that the A57G mutation in myosin ELC may not follow a common trait of FHC and result in systolic rather than diastolic dysfunction contributing to malignancy observed in mutation-positive family members (29) . There are several factors that may trigger SCD in FHC patients. Abnormal heart rhythms, namely atrial and ventricular fibrillation, are the leading causes of sudden death (27) . The mechanism for an abnormal arrhythmic activity is not fully understood, but the evidence supports a prominent role for abnormal cycling of intracellular calcium ions (27) . Baudenbacher et al. (4) showed that in mice expressing FHC-linked mutations in troponin T, the risk of developing ventricular tachycardia was directly proportional to the degree of Ca 2ϩ sensitization caused by the troponin T mutation. In another study and using cardiomyocytes isolated from mice expressing troponin T mutants, the authors demonstrated that myofilament Ca 2ϩ sensitization increased cytosolic Ca 2ϩ buffering resulting in arrhythmogenic changes in Ca 2ϩ homeostasis (46) . Strong evidence for abnormal calcium handling underlying FHC pathology comes from the recent study on hypertrophic cardiomyopathy patient-specific-induced pluripotent stem cells (28) . The authors generated pluripotent stem cell cardiomyocytes from a 10-member family cohort carrying a hereditary FHC mutation in the MYH7 gene and using Ca 2ϩ imaging techniques showed that dysregulation of Ca 2ϩ cycling and elevation in intracellular Ca 2ϩ were central mechanisms for disease pathogenesis (28) . Based on these reports we speculate that by altering Ca 2ϩ sensitivity of contraction the A57G mutation may increase the propensity of A57G-positive patients to cardiac arrhythmia. The structural perturbations of the A57G myocardium and increased myocardial fibrosis are likely to be the contributing factors.
Gene Expression Profile and Myofilament Protein Phosphorylation in Tg-A57G Mice
Besides disruption of the biophysical properties of the sarcomere and causing calcium-induced mechanical alterations, the A57G mutation is also expected to activate gene transcription remodeling of the heart. Transcript expression examination of the Myl4, Myh6, and Myh7 genes encoding the atrial isoform of myosin ELC, ␣-MHC, and ␤-MHC, respectively (Table 2) , revealed a significant upregulation of the atrial ELC (Myl4) gene, a hypertrophy marker, in the hearts of Tg-A57G and Tg-WT mice compared with age-matched NTg animals. Interestingly, Myl4 was also increased in old vs. young NTg mice indicating an age-dependent phenotype. As expected, Myh6 was increased in young Tg mice driven by the ␣-MHC promoter, but no further increase in Myh6 in older animals was monitored (Table 2) . No significant changes in the ␤-MHC transcript expression profile (Table 2 ) or in ␤-MHC protein expression (Fig. 4) were observed in Tg-A57G animals. An age-dependent upregulation or downregulation of Myh7 was observed in Tg-WT mice, but these differences were not present at the protein level, where the ␣-MHC was the major detected MHC isoform. These data may explain the lack of A57G-induced alterations in the myosin cross-bridge kinetics (Figs. 2D and 3 ). Another factor that we have taken into consideration was the possibility of mutation exerted secondary effects on the phosphorylation of other proteins of the sarcomere and/or phosphorylation-mediated regulation of cardiac muscle contraction. However, again, Pro-Q Diamond/ SYPRO Ruby studies showed no changes in phosphorylation of the key regulatory proteins, TnI, TnT, and myosin RLC that could possibly account for observed functional changes in Tg-A57G vs. Tg-WT hearts. This implies that the mechanism of disease for this A57G mutation in ELC does not involve changes in myofilament protein phosphorylation. Further investigation of posttranslational modifications will possibly shed more light on the origin of A57G-induced cardiomyopathy.
Limitations
Using the structure-function approach to study FHC-linked mutations entails several limitations. Pathologic cardiac hypertrophy is associated with ventricular remodeling through alterations beyond the sarcomeric structures and involving the extracellular matrix and many intracellular signaling pathways that ultimately result in changes in cardiomyocyte function. Sarcomere proteins are directly engaged in signal reception and transmission among the plasma membrane, cytosolic organelles, and the nuclear envelope. Their Z-discs provide docking sites for kinases, phosphatases, and transcription factors, which shuttle back and forth to their sites of regulation in complex pathways (11) . Therefore, investigations of FHC mutations should include these signaling networks and characterization of their roles in excitation, contraction, and relaxation and in adaptive and maladaptive responses of heart muscle.
Conclusions
Gene-manipulated mouse models that closely recapitulate the clinical phenotypes of human inherited cardiomyopathies are invaluable in demonstrating the true cause of the disease and exploring pathogenic mechanisms. Despite limitations intrinsic to the discrepancies between humans and mice (e.g., heart rate, heart size, etc.), mice are still the best tools offering an integrated understanding of the processes involved in FHC.
Results from this study suggest that the A57G allele may cause FHC by means of a discrete modulation of myofilament func-tion, reduced maximal force, and increased myofilament Ca 2ϩ sensitivity. As a consequence, the A57G hearts might be prone to compensatory hypertrophy, enhanced cardiac contractility, and ultimately pathological ventricular remodeling. Anatomical changes observed in Tg-A57G hearts that mostly develop later in the cardiomyopathic syndrome are anticipated to contribute to disease progression. Future studies are needed to establish whether myofilament Ca 2ϩ sensitization observed in Tg-A57G papillary muscle fibers is linked to proarrhythmic effects. Efforts should also be directed toward elucidating the complex signaling mechanisms responsible for the observed myofilament phenotypes. At present we can only speculate that the origin of heart dysfunction and SCD observed in A57G-positive patients most likely resides in the Ca 2ϩ -dependent myofilament dysfunction, and therapeutic efforts should be put forward to restore Ca 2ϩ homeostasis to prevent development of hypertrophy and potential electrophysiological defects.
